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Bilayer graphene is a unique system where both the Fermi energy and the low-energy electron
dispersion can be tuned. This is brought about by an interplay between trigonal warping and the
band gap opened by a transverse electric field. Here, we drive the Lifshitz transition in bilayer
graphene to experimentally controllable carrier densities by applying a large transverse electric field
to a h-BN-encapsulated bilayer graphene structure. We perform magneto-transport measurements
and investigate the different degeneracies in the Landau level spectrum. At low magnetic fields,
the observation of filling factors −3 and −6 quantum Hall states at low magnetic fields reflects the
existence of three maxima at the top of the valence band dispersion. At high magnetic fields all
integer quantum Hall states are observed, indicating that deeper in the valence band the constant
energy contours are singly-connected. The fact that we observe ferromagnetic quantum Hall states
at odd-integer filling factors testifies to the high quality of our sample. This enables us to identify
several phase transitions between correlated quantum Hall states at intermediate magnetic fields,
in agreement with the calculated evolution of the Landau level spectrum. The observed evolution
of the degeneracies therefore reveals the presence of a Lifshitz transition in our system.
Fermi surface topology plays an important role in de-
termining the electronic properties of metals [1]. In bulk
metals, the Fermi energy is not easily tunable at the en-
ergy scale needed for reaching the Lifshitz transition - a
singular point in the band structure where the connec-
tivity of the Fermi surface changes.
Bilayer graphene (BLG) - two graphitic layers in
Bernal stacking configuration - is uniquely suitable to
control the transformation of the electron spectrum
topology at the Fermi energy. Pristine BLG is a gap-
less semiconductor with almost parabolic conduction and
valence bands touching each other in the corners K and
K’ of its hexagonal Brillouin zone [2, 3], as shown in
Fig. 1(a). Electrons in these bands reside on two sublat-
tices in the neighbouring layers that are not located on
top of each other. Very close to the band edges, the BLG
dispersion is affected by trigonal warping, enforced by
skew interlayer hopping, which produces a Lifshitz tran-
sition [1, 3]. Furthermore, an out-of-plane electric field
Ez opens an inter-layer asymmetry band gap [3–7], with
the experimentally measured [5, 8] gap size u, which can
be tuned up to u > 100 meV. The interplay between
these two features of BLG results in the electron disper-
sion illustrated in Fig. 1(b), where the electron spectrum
exhibits a triplet of local band-edge extrema, suggesting
an additional three-fold degeneracy of the highest valence
band’s Landau levels (LLs) at low magnetic fields, on top
of the valley and spin degeneracies.
a b 
FIG. 1. (color online). Bilayer graphene band structure.
(a) The whole Brillouin zone up to 3 eV from the neutrality
point, including low-energy bands (blue) and split bands (yel-
low). (b) Valley K dispersion near the valence band top in
gapped BLG. In valleys K and K’, the dispersion is inverted as
a result of time reversal symmetry. Insets show characteristic
cross-sections of (p) discussed in the main text.
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2Below, we detect this three-fold degeneracy by per-
forming detailed quantum Hall effect (QHE) studies of
BLG sandwiched between hexagonal boron nitride (h-
BN). By tuning the gap u, we identify additional QHE
features related to LLs being affected by the ‘electron-
like’ island near the top of the valence band.
The investigated device is presented in Figs. 2(a-b):
it consists of a 1.3 µm-wide BLG stripe contacted with
Cr/Au electrodes and sandwiched between two h-BN
flakes, stacked using a dry-transfer technique [9]. To
improve surface homogeneity before encapsulation, the
BLG was mechanically cleaned with contact-mode AFM
[10]. The resulting device is 3 µm-long (distance between
inner Ohmic contacts), covered with a 1.1 µm-wide top-
gate in its centre, and tunable from the back via the de-
generately doped Si substrate. The shape of the etched
flake is highlighted by the black dotted lines in Fig. 2(b).
The high quality of the device enables us to observe a
rich menu of phase transitions investigated as a function
of displacement field, magnetic field and carrier density.
All measurements were recorded in a two-terminal con-
figuration (inner contacts in Fig. 2(b)) at a temperature
of 1.6 K. The linear conductance G = I/U was obtained
by applying a DC bias U = 100 µV and measuring the
current I. A small AC top-gate voltage superimposed on
the DC voltage VTG was used to measure the normalised
transconductance dG/dVTG.
Fig. 2(c) shows G as a function of back- and top-gate
voltages, VBG and VTG. Two horizontal dark blue stripes
are visible, indicating features that do not depend on the
top-gate voltage: they correspond to charge neutrality
in the two only back-gated regions, differing slightly in
carrier density. The diagonal blue line relates to the con-
ductance of a sample region which depends both on top-
and back-gate voltages: it is the charge neutrality line of
the dual-gated region. This line defines the axis of the
displacement field, D, along which the voltage-induced
asymmetry between top and bottom layer of the BLG
flake is changed. Along the direction of the ngate-axis,
the density in the dual-gated region can be independently
changed at constant D. These two axes cross at (V
(0)
BG ,
V
(0)
TG) and the dark blue regions of low conductance define
four quadrants corresponding to different combinations
of carrier polarities in/out-side the dual-gated part. In-
creasing D from (V
(0)
BG , V
(0)
TG) decreases the conductance
by opening a band gap u, with larger u widening the insu-
lating (blue) region. In the following, we relate u and D
using the self-consistent calculation [11] described in the
Supplemental Material [12], since hopping via localised
states [7, 13, 14] obscures a direct measurement of the
gap using Arrhenius plots for the conductance.
The high quality of the device is revealed by its be-
haviour at strong magnetic fields B. As found in QHE
studies, both in two-terminal monolayer [15–17] and
BLG [18] devices, the quantized conductance, shown for
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FIG. 2. (color). Characterisation of the device. (a)
Schematics of the device: a bilayer graphene flake is trans-
ferred onto the BNb (bottom) flake and contacted. The flake
is then covered by another h-BN layer (BNt - top), on top of
which a metal top-gate is patterned. (b) Optical microscope
image of the device. The ohmic contacts buried under BNt
appear dark yellow, while the top-gate is highlighted in red.
(c) Conductance map of the device (B = 0 T, T = 1.6 K).
The displacement field axis and the density axis of the dual-
gated area are shown, as well as the four regions of differ-
ent polarities. At high displacement field, the conductance
through the device is suppressed (a gap opens). (d) Conduc-
tance map measured at 6 T. (e) Normalised transconductance
map at 6 T: in the unipolar cases when ν < νlead, all the
broken-symmetry states of the area under the top-gate are
visible (parallel lines running right or left of the displacement
field axis). The red dashed line indicates the cut along which
the left Landau fan in Fig. 3(b) is measured.
3our device in Fig. 2(d), is described by the Landauer-
Bu¨ttiker formalism. In the unipolar case (nn′n or pp′p)
with smaller density in the dual-gated area (ν < νlead),
the outer regions behave as leads and the conductance
is given by the number |ν| of edge modes transmitted
through the dual-gated region: G = (e2/h)|ν|. In the
pp′p corner of Fig. 2(d), all integer values of quantized
conductance, up to |ν| = 16, are observed, indicating
broken valley and spin degeneracy, and the formation
of incompressible ferromagnetic QHE states [19–23] at
odd values of |ν|. These steps are better visible in the
normalised transconductance signal shown in Fig. 2(e)
(green regions, with dG/dVTG → 0, separated by blue
lines running parallel to the D-field axis). In the fol-
lowing we trace the incompressible QHE states using
transconductance maps.
Figure 3 shows the evolution of the QHE states in p-
doped BLG, as a function of the B-field. In Fig. 3(a),
we show high D-field data (VBG = −61 V) and compare
the staircase of quantized conductance steps at high and
low B-fields (B ' 5.9 T and B ' 2.25 T). Most strik-
ingly the low-field data shows only robust ν = −3 and
ν = −6 states, whereas the high-field data exhibits all in-
teger QHE states. These QHE states are investigated in
Fig. 3(b) as a function of B-field for two different ranges
of the interlayer asymmetry (tuned with D, via VBG):
these plots are recorded sweeping the top-gate voltage at
constant VBG (see red dashed line in Fig. 2(e)). Here,
blue regions (dG/dVTG → 0) trace incompressible QHE
states, with the ν = −3 and −6 states persistent down
to B ' 1 T, in contrast to other QHE states which dis-
appear at B ' 3 T. In addition, several other features
interrupt the ν = −3, −4, and −5 QHE states.
To interpret the observed evolution of QHE states, we
analyse the LL spectrum of our device. We use the 4-
band Hamiltonian [3], describing a broad spectral range
(> 1 eV) in valleys K (ζ = 1) and K’ (ζ = −1),
H =

ζ
2u v3pi 0 vpi
†
v3pi
† − ζ2u vpi 0
0 vpi† − ζ2u ζγ1
vpi 0 ζγ1
ζ
2u
 ,

pi = px + ipy
v =
√
3
2
aγ
h¯ ∼ 108cm/s
v3 =
√
3
2
aγ3
h¯ ∼ 0.1v
(1)
Here, we characterise the electron states using ampli-
tudes A and B on sublattices in layers 1 and 2: 4-spinors
(A1, B2, A2, B1) and (B2, −A1, B1, −A2) in valleys K
and K’ are basis vectors; a is the graphene lattice con-
stant; vertical and skew interlayer hopping parameters
are γ1 ∼ 0.4 eV and γ3 ∼ 0.3 eV, respectively; pi = peiθ
and pi† = pe−iθ, where θ identifies the azimuthal direc-
tion of the electron valley momentum ~p. This results in
the low-energy dispersion,
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FIG. 3. (color). Magneto-transport through dual-gated
bilayer graphene. (a) Conductance cuts taken along the
white dotted lines in (b) (right panel), where ngate is varied
with VTG. A contact resistance RC = 850 Ω has been sub-
tracted. At high magnetic field (black curves), all the broken-
symmetry states are visible. At lower magnetic fields (red
curves), the first conductance plateaus to appear correspond
to filling factors−3 and−6. (b) Normalised transconductance
LL spectra measured at VBG = −50 V (D = −0.95 V.nm−1
at ngate = 0), along the red dashed line shown in Fig. 2(e),
and VBG = −61 V (D = −1.14 V.nm−1 at at ngate = 0). Cor-
responding filling factors are labelled. We observe a crossing
between filling factors −4 and −5. (c) Calculated LL spectra
corresponding to gap sizes u = 70 meV and u = 82 meV.
Blue (black) lines refer to valley K (K’).
2 ≈ u
2
4
−
[(
uv2
γ1
)2
− v32
]
p2−2ζ v
2v3
γ1
p3 cos 3θ+
v4
γ12
p4,
(2)
featuring three local band-edge extrema near the top of
the valence band, Fig. 1(b), with momentum separation
δp ≈ u
v
√
2
and depth δ ≈ u2γ3√
2γ1γ
. Upon filling BLG with
4holes, one starts with three separate Fermi ‘lakes’, which
for increasing density merge together into a Fermi sea
with an island surrounding a local minimum exactly in
the centre of the valley. After lowering the energy cut
by an additional δ′ ≈ 14 u
3
γ12
, this ‘electron-like’ central
patch disappears.
At a finite B-field, ~p = −ih¯∇+e ~A (where ∇× ~A = B)
and pi and pi† become lowering/raising operators in the
space of Landau functions ψn. Without an interlayer
asymmetry gap, the LL spectrum has two degenerate
levels at zero energy [2, 3], n = 0 and n = 1, with wave
functions located on sublattices A1 in valley K and B2 in
valley K’. In gapped BLG, the sublattice segregation of
n = 0 and n = 1 levels in the K and K’ valleys lifts the
valley degeneracy, as shown in Fig. 3(c), where we com-
pare the calculated spectra in the two valleys (for details,
see section 2 in Supplemental Material [12]). Assum-
ing spin degeneracy, the characteristic spectra are calcu-
lated and exemplified in Fig. 3(c), using u = 70 meV and
82 meV. The choice of u in Fig. 3 results from the esti-
mates of the displacement field D obtained from parallel
plate capacitor model and a self-consistent calculation of
u as a function of D (see [12] for details). The exact
numerical values were then chosen to match best the ex-
perimental data. The resulting spectra show a three-fold
degenerate LL at low B-fields (hence six-fold including
spin degeneracy), originating from the triplet of valence
band extrema. This degeneracy persists over the same
B-field interval as the ν = −6 state in the measurements
shown in Fig. 3(b). Exchange interaction between elec-
trons in a three-fold degenerate LL leads to the formation
of a ν = −3 ferromagnetic QHE state, observed within
the same low-field interval.
At higher B-field, the triplet of the lowest LLs splits
by mixing of the momentum space regions near the va-
lence band top, especially near the Lifshitz transition in
the BLG energy spectrum. Hence, at higher field, one
would expect the appearance of all integer (spin non-
polarised/even and ferromagnetic/odd) QHE states, ex-
cept for the B-fields near B∗ where the 2nd and 3rd LLs
cross [Fig. 3(c)]. This unusual crossing results from the
existence of the central electron-like island in the con-
stant energy contour at intermediate energies, discon-
nected from the outer hole-like dispersion branch [bot-
tom left inset in Fig. 1(b)]: these two parts of momentum
space support LLs that do not mix/repel each other. This
occasional double degeneracy of orbital LLs at B = B∗
suppresses the gap of ν = −3 and−5 ferromagnetic states
in this degenerate pair of LLs. It also suggests a tran-
sition of the ν = −4 state, from a non-spin-polarised
configuration at B > B∗ and B < B∗ to a spin-polarised
state occupying the degenerate pair of LLs at B ≈ B∗.
As indicated by red arrows in Figs. 3(b-c), the calculated
LL crossings in Fig. 3(c) correlate with the measured val-
ues of the B-field where additional features interrupt the
incompressible QHE states ν = −3, −4 and −5 in the
transconductance plots in Fig. 3(b).
The high electronic quality of the mechanically-cleaned
BLG and the electrical robustness of the h-BN enable
us to change the band structure topology. Most inter-
estingly, we find that the Lifshitz transition, which is a
single-particle phenomenon, leads to interaction-driven
transitions between quantum Hall ferromagnets, associ-
ated with the crossover from the three-fold-degenerate
to the non-degenerate orbital LL spectrum. For the fu-
ture, a larger electrically controllable band gap in BLG
would enable us to investigate in detail the influence of
the van Hove singularity in the density of states, charac-
teristic for the Lifshitz transition, on quantum transport
characteristics, while cleaner samples may offer access to
new regimes of correlated QHE states in the regime of
three-fold degenerate LLs.
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